Earth-abundant cobalt-doped hematite thin-film electrocatalysts were explored for acidic water oxidation. The strategically doped hematite produced a stable geometric current density of 10 mA cm À2 for up to 50 h at pH 0.3, as a result of Co-enhanced intrinsic catalytic activity and charge transport properties across the film matrix.
Facile conversion of renewable solar and wind energies into chemical fuel such as H 2 is an enabling technology for storing and dispatching these energies on demand and for providing off-grid utilization. Burning H 2 releases energy and water without carbon emission, thus H 2 is in principle a 'clean' fuel. Central to renewable energy-driven production of H 2 is the electrolysis of water into H 2 and O 2 , where acidic proton-exchange-membrane (PEM)-based water electrolyzers are known for their advantages in compact designs and high operation efficiency, relative to their alkaline counterpart. Presently, the problem for global-scale PEM water electrolysis is the lack of low-cost (earth-abundant), stable and efficient catalysts for water oxidation, i.e., oxygen-evolution reaction (OER).
Catalysts are necessary for minimizing the kinetic barriers associated with the water splitting reactions and for suppressing undesired side reactions. Presently, the materials known for efficient and stable catalysis for OER in acidic media are limited to those based on noble metals such as Ir and Ru. However, they are extremely scarce (o0.001 ppm) 1 in the Earth's crust and thus may not be able to provide a global-scale solution to our energy demand. The development of cost-effective catalysts from earth-abundant materials for OER in acidic media, however, is met with two major challenges: firstly, the OER is a kinetically demanding four-electron redox process, and therefore even the best catalysts would require a high voltammetric overpotential (4300 mV) to catalyze the OER at a rate equivalent to a current density of 10 mA cm À2 (characteristic operational current density for an B10% efficient solar fuel device under non-concentrated one-sun illumination); 2 secondly, according to Pourbaix diagram, most earth-abundant single-metal-based materials lack innate stability against acidic corrosion at anodic potentials (viz., the applied electrical potentials necessary for OER to occur). Various strategies have been attempted by researchers to address the above-mentioned challenges. These include the exploration of pristine as well as surface-modified transition metal-based catalysts, [3] [4] [5] [6] [7] [8] and the derivation of new catalysts from multi-metal oxides. [9] [10] [11] [12] [13] The latter demonstrates the possibility of treating the catalytic activity and stability as decoupled functionalities that are facilitated by the active-yet-unstable catalytic metal and the stable-yet-inactive structural metal, respectively. In this work, monometallic iron oxide (FeO y ) and bimetallic iron-cobalt oxide (Co x Fe 1Àx O y ) thin films were synthesized on Ti foil substrates by spray-pyrolysis deposition, followed by lowtemperature annealing in air (see ESI † for Experimental details). The FeO y consists of interconnected, irregularly-shaped agglomerates (o1.5 mm) that are formed from individual nanograins (Fig. 1a) . Smaller agglomerates are observed in the bimetallic oxide (Fig. 1b) , indicating Co-induced inhibition in grain growth of the film during annealing. Aiming for minimal distortion to the crystal phase, the bimetallic oxide was synthesized at a low Co doping level (percentage of Co/(Co + Fe)), which was verified by XPS to be 5 at%, and by SEM-EDS to be 7 at% ( Fig. 1c and Table S1 , ESI †). For simplicity, the film is denoted as Co 0.05 Fe 0.95 O y . The mineralogy of the films, as examined by XRD (Fig. 1d ), shows only diffraction peaks assigned to a-Fe 2 O 3 .
14 A shift in the XRD peak positions in the Co 0.05 Fe 0.95 O y , relative to that in the FeO y , is hardly noticeable. However, these peaks are broader and lower in intensity, indicating a lower degree of crystallinity that may be attributed to smaller grains or crystallites, which agree with the SEM observation (Fig. 1b) . Further examination of the films by Raman spectroscopy (Fig. 1e) (Fig. 2a) , which agrees with our previous study that a-Fe 2 O 3 film is intrinsically a poor electrocatalyst for OER in acidic electrolyte. 3 Although the CoO y is the most OER-active noble-metal-free catalyst in this work (inset in Fig. 2a) , it exhibits only a short-term catalytic stability as indicated by the decreasing j with the increasing CV scan number, and thus is a poor catalyst for practical operation. The Co 0.05 Fe 0.95 O y is intrinsically more active than the FeO y , as evidenced by its relatively low Tafel slope (110 mV dec À1 , which approaches that of the CoO y ; Fig. 2b ) and a high j rsa (current density normalized by the sample real surface area; Fig. S3 , ESI †). This may be explained by its enhanced surface adsorption of reactant water and an effective charge transport across the film. The latter is corroborated by the Nyquist plots shown in Fig. 2c , where two time-constants, represented by two consecutive semicircular curves, are observed (see Fig. S4 , ESI † for additional Nyquist plot of FeO y ). The semicircles in the lowand high-frequency region (i.e., the high-and low-Z 0 region) arise due to the resistance of charge transfer at the film-electrolyte interface (R ct ) and across the film (R 2 ), respectively. Both R ct and R 2 values, fitted using the equivalent circuit in Fig. S5 
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O vacancies are known to act as donors in n-type hematite semiconductor (electron as the majority charge carrier). 26 In contrast, the alternative mechanism for charge compensation via electron-hole formation (i.e., electronic compensation) would lead to a decreased donor density. To further test the charge compensation mechanism required to compensate for aliovalent doping, the donor densities of the films are probed by Mott-Schottky measurements as shown in Fig. 2d . We observe positive slopes in the linear region of the plots, meaning that both films display n-type semiconducting properties. 27 The slope value, which is significantly lower upon Co-doping, is inversely proportional to the donor concentration in a semiconductor. 27 This shows that the density of free electrons of the Co 0.05 Fe 0.95 O y is remarkably higher as compared to that of the FeO y , confirming the O vacancies formation as the major charge compensation mechanism and as the factor to its improved charge transport properties. In addition, Co doping may also improve the charge transport properties by increasing the density of localized states near the Fermi level, which is supported by the theoretical work from Liao et al. 28 Our observation also agrees with their calculation that Co doping improved the reaction thermodynamics of hematite for OER. 28 The improvement was due to the less-positive charge of Co (2+) as compared to Fe (3+), which optimizes the binding strengths of (and thus stabilizes) the intermediate adsorbates (i.e., O*, *OH and *OOH) on the Co-doped hematite surface. The flat-band potential E fb (obtained by extrapolating the linear curve in Fig. 2d to the x-abscissa) of the FeO y is found at 0.30 V vs. RHE while that of the Co 0.05 Fe 0.95 O y is at 0.25 V vs. RHE. It is known that, at potentials positive of the E fb of an n-type semiconductor, a space-charge region (SCR), i.e., depletion layer, is present within the semiconductor at the semiconductor-electrolyte interface. 27 The electric field associated with the SCR is crucial, particular in photoelectrocatalysis, for separating the photogenerated excitons, where the electron-holes are driven toward oxidative reaction at the semiconductor-electrolyte interface, while the electrons migrate into the semiconductor bulk. The negative shift in the E fb of the Co 0.05 Fe 0.95 O y relative to that of the FeO y , implies that, under oxidative potential for OER (E 4 E fb ), a stronger electric field forms in the SCR in Co 0.05 Fe 0.95 O y , which may facilitate the flow of electrons from the surface active sites into the film matrix.
To study the effect of Co content, the bimetallic oxide films of Co doping level 2-12 at% (as determined by XPS and SEM-EDS; see Table S1 , ESI †) also were synthesized. The XRD, Raman and XPS data (Fig. S6, ESI †) of the films show Co 2+ substitutional doping in the a-Fe 2 O 3 structure. A higher geometric as well as intrinsic OER activities are obtained in the bimetallic oxide film of a higher Co content (Fig. 4a and Fig. S7 , ESI †). The catalytic durability, viz., overpotential, of the films to maintain j = 10 mA cm À2 is measured, as shown in Fig. 4b .
While all bimetallic oxide films are OER-active, the moderately doped Co 0.05 Fe 0.95 O y is found to be most stable (Fig. 4a) , operating at pH 0.3 for up to 50 h and its overpotential rises rapidly thereafter due to corrosion, which is related to the weakening and subsequent dissolution of the metal-oxygen framework caused by proton attack. It also exhibits a near-100% Faradaic charge-to-O 2 conversion efficiency ( Fig. S8 , ESI; † measured up to 2 h). As expected, lowering the proton concentration (viz., at pH 2) in the electrolyte results in a higher catalytic stability in Co 0.05 Fe 0.95 O y for up to 85 h (Fig. 4b) . As shown in Table S3 (ESI †), the performance of Co 0.05 Fe 0.95 O y is comparable to that of the recently reported noble-metal-free catalysts. The relatively low catalytic durability of the more heavily doped Co 0.12 Fe 0.88 O y (operates at pH 0.3 for up to 12 h) is possibly due to (i) its larger electrochemically active surface area (associated to its smaller agglomerate-morphology; see Fig. S9 , ESI †) and thus being more exposed to proton attack, and (ii) the increased grain boundary area associated with the high number of surface defects, which are prone to corrosion. 7 Since the stability of a catalyst also is influenced by the thermodynamic properties associated to the applied electrochemical potential, it is thus likely that the higher applied potential required to generate the same j by the more lightly doped This work was funded by Uppsala University. We thank Lars Riekehr (Uppsala University) for TEM data acquisition. We acknowledge the support from the Ångström Microstructure Laboratory and the Röntgenlab at the Department of ChemistryÅngström at Uppsala University, and the Umeå Core Facility for Electron Microscopy (UCEM-NMI node) and XPS Platform at the Chemical Biological Centre (KBC) at Umeå University.
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